Setting aside anthropic arguments, there is no reason why the universe should initially favour a net expanding phase rather than one experiencing a net contraction. However, a collapsing universe containing "normal" matter will end at a singularity in a finite time. We point out that there is a mechanism, derived from non-perturbative effects in quantum field theory in a finite volume, which one would expect to provide a bias towards expansion when the spacetime volume shrinks. Whilst the mechanism requires further study in a curved background, we propose a new scalar field component in a cosmological background, and study its properties and impact on a contracting phase. We discuss how this could dynamically generate the necessary initial conditions for inflation to get started, or form part of the mechanism for a non-singular cosmological bounce.
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Introduction: The Hawking-Penrose theorems [1, 2] imply that in the absence of matter which breaks the null energy condition (NEC) ρ + p ≥ 0 , the universe, run backwards, must begin at a singularity. A corollary of this is that, under generic conditions, a collapsing universe cannot transition to a growing one, and thus if the universe started in a collapsing state, it should have ended. This statement can also be formulated in terms of the ADM decomposition [27, 29] , and forms the basis for work on cosmological bounces [11] [12] [13] .
These ideas are of general interest in the context of early universe cosmology, since the Universe could in principle have started in either an expanding or contracting phase. Whilst one can make an anthropic argument that contracting universes are simply not conducive to life, it is interesting to explore whether there are deeper, more fundamental reasons for our universe to favour expansion. Consider the dominant early universe paradigm of inflation, which solves the homogeneity and isotropy problems of the universe by postulating a period of accelerated expansion [3] [4] [5] [6] , whilst also providing a scale invariant spectrum of initial perturbations. The question of how inflation actually got started is not yet fully resolved. In particular, if inflation requires "special" initial conditions in order to proceed, at least one of its key motivations may be undermined.
Numerical and analytic studies have considered the question of what initial conditions can be tolerated in a variety of different models (see [7] for a short review). In particular, recent numerical work showed that large field models are strongly robust to initial inhomogeneities in the inflaton field [8] , whilst small field models are more sensitive to horizon sized perturbations [9, 10, 30] . Yet these studies are open to the criticism that they bias their results by assuming that the universe begins in an expanding phase. (In [9] , a mixture of expanding and contracting phases were considered, but the average expansion rate was positive.) This is a choice that must be made in setting up the initial conditions, as the first Friedmann equation is agnostic to the initial sign oḟ a. In an initially contracting universe, invoking only standard GR and single field slow roll, inflation will fail, regardless of the chosen model.
In the alternative paradigm of bouncing cosmologies [11] [12] [13] , the smoothing of the Universe, and generation of a scale invariant spectrum of perturbations may be achieved in a contracting phase dominated by a form of matter with equation of state parameter w = 1. (A clear and up to date review of the topic is given in [14] .) However, whilst several suggestions have been made [15] , the origin of the cosmological bounce, that leads to our current expansion, is still an open question. The requirement to break the NEC is generally considered rather exotic, apart from the well-known Casimir effect. However, suppose that one has a secondary field which sources a negative energy density, and furthermore that the magnitude of the negative energy density grows as the spacetime volume shrinks, as in the Casimir effect. In the expanding case, the effect would soon dilute away. In the collapsing case, the negative energy density would increase and could balance the other energy contributions, slowing and eventually ending the collapse at a finite size. If, in addition, the effective equation of state violates the NEC during the collapse, it would provide the necessary push for the spacetime to transition to expansion.
In this paper we point out that such an effect is exactly that expected due to finite volume effects in a scalar field which is subject to a bare potential with concave regions, for example, a double well, as illustrated in Fig. 1 . This is similar to the effects discussed in the recent article [16] , which takes into account finite volume effects in a semiclassical description of quantum gravity. (Note, however, that in our work the gravitational background is still considered to be classical.)
Our mechanism assumes quantisation of a scalar field in a double well potential at finite volume, which allows quantum fluctuations to tunnel between the two degenerate vacuua. As a consequence, the vacuum expectation value of the field vanishes and symmetry is restored. As explained in more detail below, if the bare vacuua have vanishing energy density, the necessity for convexity of the effective potential implies that quantum fluctuations dynamically generate a negative energy density in the ground state, the magnitude of which is proportional to the inverse volume. The result is general with the dimension in field space -a Higgs-like Mexican hat potential, for example, sees the same effect.
In this article, we review this effect in the context of an initially contracting spacetime, and generalise the flat-space result to derive a consistent form for the effective potential in a Friedman-Lemaître-Robertson-Walker (FRLW) background. The secondary "convexion" field is pressureless because of the non-trivial volume-dependence of the effective potential, and thus behaves as a fluid with equation of state (EOS) w = 0 but negative energy density. It thus violates the NEC. We illustrate how these properties lead to the desired result of halting and reversing an initial collapse in a universe containing a cosmological constant (which could be the inflaton assuming a period of homogeneous slow roll).
As will be emphasised in our conclusions, more work is required for a proper calculation of the effective action on a curved background, and to confirm the relevant energy scales for the effect to be valid. However, it is clear that finite volume effects on scalar fields are of interest for early universe cosmology. Finite volume and the effective potential: Phase transitions are generally considered in the limit of "infinite" volume, which is required for the wave functions corresponding to different degenerate vacuua to be orthogonal and not overlap in field space [17] . In the case of the Higgs mechanism with vacuum v 240 GeV, "infinite" volume means large
(10 −18 m) 3 , which is obviously the case and thus ensures spontaneous symmetry breaking (SSB) in the Higgs model. For this reason, the one-particle irreducible (1PI) effective potential of a model with SSB is derived from a partial partition function, based on one vacuum only, and not on the whole field space [18] .
However, in the situation where the volume is finite, tunnelling between different vacuua is allowed and, as a consequence, the effective potential of a scalar theory must be convex [19] : symmetry is restored by quantum fluctuations. Such a nonperturbative effect is possible only as the result of the competition between different saddle points in the partition function which defines the quantised theory [20] .
The disappearance of the concave part of the potential has been studied in the Wilsonian context [21] , which in spirit is closer to the Effective Field Theory context than the 1PI potential, and therefore is more commonly used in the framework of cosmology. The Wilsonian effective potential is flat between the bare vacuua (and therefore convex), which corresponds to the so-called Maxwell construction 1 , by analogy with the transition from liquid to vapour, when studied with the Van de Waals equation of state. How is this consistent with symmetry restoration? In a flat effective potential, the field is equally likely to be found at any point in the flat section, and thus it describes the coexistence of different phases, each with different ground states, which on average give a symmetric ground state. As the volume tends to infinity, tunnelling is suppressed, and bubbles of each phase nucleate, such that at any localised point in space one need only consider the potential around the relevant vacuum for that phase. It is in this large volume limit that one usually considers the potential for the inflaton, for example.
In this work, we consider the 1PI effective potential since, unlike the Wilsonian one, it takes into account finite volume effects and leads to symmetry restoration locally, not just on average. Since the 1PI effective potential is identical to the Wilsonian effective potential for infinite volume, if the 1PI effective potential is based on different vacuua of a theory, it should also become flat when the volume goes to infinity. This is indeed the case [23] , as can be seen from the potentials (2) and (4) below.
We will now review results which have been derived in flat spacetime, for the 1PI effective potential obtained when the partition function is based on several bare vacuua. Starting with the the O(N )-symmetric bare potential for the real scalar field
the semiclassical 1PI effective potential is calculated in [24] , for a finite 4-dimensional volume V (4) , and where the partition function is dominated by the continuous set of homogeneous saddle points corresponding to the degenerate vacuua. In this semiclassical approximation, described in terms of the classical field r c (the macroscopic configuration), the potential for r c ≥ v is not modified, and nonperturbative quantum corrections occur for r c < v, where the 1PI effective action reads, for homogeneous field configurations
with
and Ω N is the solid angle in dimension N . This effective action has the following properties:
• it is not extensive, and becomes volumeindependent for A >> 1.
• as expected from the general arguments given above, the potential U ef f (r c ) is convex and has its minimum at r c = 0. Also, it becomes flat in the limit V (4) → ∞;
• the ground state r c = 0 has a negative energy density, proportional to the inverse spacetime volume. This finite-volume effect is similar to the Casimir effect, where quantum fluctuations between two parallel conducting plates, separated by the distance d, generate a negative surface energy density, proportional to d −3 .
An alternative derivation is given in [25] for N = 1 (a double well potential for one real field) at finite temperature T . Although this derivation is valid for large volume only, it assumes that both vacuua play a role in the partition function, and it provides a resummation of all the powers of the classical field
This potential has the same properties as the potential (2), but in addition we can note that
• an expansion in φ c /v reproduces the effective potential (2) , for N = 1, A >> 1 and
• it is continuous at φ c = ±v;
• the constant part −T ln 2/V (3) is exact and does not depend on the large volume assumption;
• the pressure of any configuration φ c vanishes, since the corresponding free energy F = V (3)Ũ ef f (φ c ) does not depend on the volume; • the entropy of the vacuum state is equal to ln 2, which is the Boltzmann entropy for a 2-level system, corresponding to the two bare vacuua.
Finally, the approximations which lead to the potentials (2) and (4) take into account homogeneous saddle points only, for the derivation of the partition function based on different bare vacuua. This is a good approximation for |φ c /v| << 1, which is relevant to the present study, focused on the vacuum at φ c = 0. But this approximation becomes questionable when φ c → ±v. Indeed, although the effective potential (4) is continuous at φ c = ±v, it is not differentiable there, and a better approximation for |φ c | v should then also take into account nonhomogeneous saddle points as in [26] , in addition to the homogeneous ones. To summarise, starting from a classical scalar potential with zero-energy degenerate vacuua, there is a finite-volume effect which allows the dynamical generation of a symmetric vacuum, with vanishing pressure and negative energy density which is proportional to the inverse volume. Cosmological interpretation: We now describe a toy cosmological model as an illustration of how the above dynamical mechanism could work to favour expansion. We consider the FLRW metric with zero spatial curvature k = 0,
with scale factor a(t) and Hubble rate H =ȧ/a. We assume that the matter content is dominated by two components, both of which satisfy the continuity equationρ = −3H(ρ + p) individually:
1. a cosmological constant, with energy density ρ f and pressure p f = −ρ f (which could be a scalar field slow-rolling in a convex potential);
2. a real scalar field φ c , the "convexion", which is subjected to the above non-perturbative effect, and thus: (i) has a vanishing expectation value φ c = 0;
(ii) has a vanishing pressure p c = 0; (iii) has a negative energy density ρ c , which scales as the inverse volume.
Together with the continuity equation, these conditions are met if the convexion energy density is of the form ρ c = −ρ 0 a −3 , where ρ 0 is a positive constant, defined by initial conditions. We consider then the Friedmann equations
where κ ≡ 8πG, from which we find the evolution equationḢ
to be solved with initial values a i = 1 and H i which satisfies the constraint
The resulting evolution for our toy model is shown in Fig. 2 for the cases of initially positive and negative H. We see from Eq. (7) that for our chosen components the NEC is indeed violated and thus the acceleration of the scale factorä is positive, providing the necessary bounce in the contracting case.
Conclusions In this article we have suggested a novel application of finite volume effects to solve a fundamental question in early universe cosmology -why is the universe expanding? We have postulated the existence of a "convexion" field which sees different degenerate bare vacuua. Quantum tunnelling effects result in a pressureless fluid with negative energy density, which plays a role at small volumes, but dilutes away during an expanding period. The fluid thus breaks the null energy condition, and provides a mechanism for a transition from contraction to an expanding phase. We emphasise here that our model does not involve a modification of GR or ghosts: the dynamical mechanism described here is valid for any standard scalar field which can tunnel between degenerate vacuua. Several aspects of the model require further investigation. Firstly, one should justify the interpretation of the equilibrium field theory in a dynamical curved spacetime. The spacetime volume which appears in the effective potential is interpreted as V . We see in the collapsing case that the convexion field provides the necessary bounce to transition to a period of exponential expansion. If the initial condition is expansion, the effect of the convexion is quickly diluted away.
where V 0 is some initial volume which is small relative to the scale of separation of the degenerate minima V 0 << v −3 . Whilst this is the only logical possibility for the convexion which satisfies the continuity equation, it should be justified more rigorously. The question of what the volume V 0 should be in curved spacetime is important, since it is related to the separation of ultraviolet modes of the convexion, from its infrared description in terms of vacuum expectation value. Identifying V 0 with some initial Hubble volume seems to be the only physical choice, but this is left for future studies. Secondly, one should derive the effective kinetic term for the convexion, which is a more challenging task, since one must then take into account non-homogeneous sources for the non-perturbative calculation of the partition function. We note, however, that the standard kinetic term seems to be consistent with the different features related to convexity, as shown by Wilsonian studies [21] . Finally, we have considered only the coexistence of the convexion with a cosmological constant. Matter or radiation like components would dominate over the convexion during a collapsing period, and so further studies are necessary to understand the interplay between the convexion and different matter components, once kinetic terms are included.
